Introduction
============

The otolith organs sense self-motion in head-fixed coordinates, and therefore cannot discriminate relatively equivalent linear acceleration and gravity. However, accurate perception of self-orientation in space as well as optimal ocular motor and postural control require an estimate of motion in a space-fixed frame of reference. Self-motion is centrally transformed from head-fixed to space-fixed coordinates (Angelaki et al., [@B3]; Green et al., [@B8]; Shaikh et al., [@B22]) and is obtained by integrating multisensory (e.g., vestibular, visual, proprioceptive) input (Angelaki et al., [@B2]). By computing the internal estimate of gravity (based on otolith-input), the vestibulo-cerebellum (i.e., flocculus, nodulus, uvula), in particular the nodulus and the ventral uvula, facilitate this transformation as shown in non-human primates (Zhou et al., [@B34]; Yakusheva et al., [@B32]).

Acute unilateral damage of vestibulo-cerebellar structures, e.g., due to ischemia or hemorrhage, leads to typical signs of imbalance in otolith-mediated pathways, i.e., partial or complete ocular tilt reaction \[OTR, i.e., a triad of head tilt, vertical ocular misalignment (also termed skew deviation), and ocular torsion; Westheimer and Blair, [@B28]\] and tilts of the subjective visual vertical (SVV; Mossman and Halmagyi, [@B18]; Lee et al., [@B13]; Baier et al., [@B4]; Kim et al., [@B11]). In contrast, little is known on how diffuse bilateral cerebellar degeneration affects these otolith-mediated functions. Patients with chronic vestibulo-cerebellar disease typically demonstrate strong gravity-dependence of downbeat nystagmus (DBN) where there is an increase of drift in prone and a decrease in supine positions (Marti et al., [@B16]; Leigh and Zee, [@B14]). Similar modulation of spontaneous vertical ocular drift can be found in healthy human subjects, but to a much smaller extent, presumably because of the intact cerebellar inhibition of otolith-ocular reflexes (Marti et al., [@B16]). Several studies documented decreased function of the dynamic otolith-mediated translational vestibulo-ocular reflex (tVOR; Wiest et al., [@B29]; Liao et al., [@B15]), but static otolith-mediated functions, especially perception of the vertical (for instance measured by the SVV) and static ocular torsion in response to sustained head tilts (ocular counterroll, OCR), have not been analyzed in patients with diffuse bilateral cerebellar degeneration.

We hypothesize that due to the more balanced pattern of degeneration (Klockgether, [@B12]), diffuse and slowly progressive cerebellar disease results in more subtle changes in the accuracy of perceived vertical and torsional eye position as compared to changes in patients with acute unilateral cerebellar lesions. Whereas estimates in vertical likely will remain accurate, we predict increased trial-to-trial variability in perceptual estimates of verticality and ocular motor control of vertical and torsional eye position. We propose that an impaired transformation of head-fixed otolith signals to space-fixed signals resulting in more variable cerebellar estimates of direction of gravity could explain these findings. This hypothesis was examined in patients with degenerative vestibulo-cerebellar disease and compared findings with those from age-matched healthy control subjects. Preliminary results have been published in a conference proceedings (Tarnutzer et al., [@B25]).

Materials and Methods
=====================

Subjects
--------

Twelve patients with chronic degeneration of the vestibulo-cerebellum due to hereditary or sporadic disease (Table [1](#T1){ref-type="table"}; 5 females, mean age 56.8 years, range 32--81 years) and 10 age-matched healthy subjects (5 females; mean age 60.1 years, range 33--70 years) participated in this study. All patients presented with clinical findings consistent with midline cerebellar degeneration. Limb ataxia was found only in two patients and was rated as mild during clinical examination as it did not interfere with activities of daily life. Informed consent of all participants was obtained after full explanation of the experimental procedure. The protocol was approved by a local ethics committee, and was in accordance with the Declaration of Helsinki for research involving human subjects.

###### 

**Demographic and clinical data of all patients with diffuse, chronic vestibulo-cerebellar degeneration**.

  Patient         Onset   Diagnosis        Main clinical findings                            Findings on brain MRI
  --------------- ------- ---------------- ------------------------------------------------- ------------------------------------------------------------
  A.M., f, 67     62      SAOA             DBN, GEN, saccadic SPEM, (GA)                     Slight atrophy of V
  H.H., m, 81     62      SAOA             DBN, GEN, saccadic SPEM, GA                       Severe atrophy of VestCb
  E.Z., m, 51     30      SAOA             (DBN), GEN, saccadic SPEM, GA, (LA)               Slight atrophy of V and cerebellar hemispheres
  E.S., f, 54     35      Probable EA II   (DBN), saccadic SPEM, (GA)                        Normal
  E.Sch., f, 66   64      SAOA             (DBN), GEN, saccadic SPEM, ocular flutter, (GA)   Slight atrophy of VestCb, Hemispheres, Colliculus superior
  C.E., m, 51     45      SAOA             (DBN), GEN, saccadic SPEM, GA, (LA)               Atrophy of V
  W.T., m, 70     68      SAOA             DBN, GEN, saccadic SPEM, GA                       Atrophy of V
  B.U., m, 66     64      SAOA             DBN, GEN, saccadic SPEM, GA                       Slight atrophy of VestCb
  B.G., f, 46     40      SAOA             DBN, GEN, saccadic SPEM, GA                       Atrophy of VestCb
  L.M., f, 65     42      SAOA             DBN, GEN, saccadic SPEM, GA                       Slight atrophy of Fl
  G.M., m, 33     17      A--T             GEN, saccadic SPEM, GA                            Severe atrophy of V, moderate atrophy of Hemispheres
  B.M., m, 32     22      A--T             GEN, saccadic SPEM, GA                            No imaging studies available

*Diagnosis, most prominent clinical (if in brackets: mildly present only) and cranial MR-findings (available in 11 out of 12 patients) in all 12 patients studied (initials, sex, and age). Ataxia--telangiectasia (A--T); Downbeat nystagmus (DBN); Dysarthria (Dy); Episodic ataxia type II (EA II); Episodic symptoms, e.g., vertigo, ataxia of gait and stand, oscillopsia, dysarthria (Ep); Flocculus (Fl); Gait ataxia (GA); Horizontal gaze evoked nystagmus (GEN); Limb ataxia (LA); Magnetic resonance (MR) findings; Nodulus (N); Age at disease onset (Onset); Impaired horizontal smooth pursuit eye movements (SP); Sporadic adult-onset ataxia of unknown origin (SAOA); Vermis (V); Vestibulo-cerebellum (VestCb, i.e., Flocculus, Paraflocculus, Nodulus, Uvula, Dorsal Vermis); Estimated, exact age of onset unknown*.

Experimental setup
------------------

Subjects were seated upright on a motor-driven three axes turntable (Acutronic, Jona, Switzerland) with their head restrained looking straight-ahead for all paradigms. Subjects were positioned so that the roll axis of the turntable intersected the center of the inter-aural line. Pillows and safety belts minimized body movements.

### Setup for assessment of the SVV

Turntable acceleration/deceleration during changes of body roll position was set to ±10°/s^2^. An arrow that extended over the central 9.5° of the visual field and that was projected onto a screen (distance to subject: 1.5 m) was used to indicate perceived vertical. Experiments were performed in otherwise complete darkness.

### Recording of eye movements

Recording of eye movements were obtained monocularly (in 6/12 patients) or binocularly (in 6/12 patients and 10/10 controls) in three dimensions with a frequency of 1000 Hz using magnetic search coils (Skalar Instruments, Delft, The Netherlands). The search coil setup and the procedure was identical to the one described in Straumann et al., [@B24] and Marti et al., [@B16].

### Experimental protocol for measuring the SVV

Subjects were asked to rapidly (\<6 s) adjust the orientation of the arrow to perceived vertical with the arrow-head pointing up. Whenever completion was not confirmed within the time limit, the trial was repeated later. The presentation of the arrow started 10 s after the turntable came to a full stop and was offset clockwise (CW) or counter-clockwise (CCW) relative to vertical pseudo-randomly between 28° and 72°. Twenty-four adjustments were collected in each orientation (0° = upright; 75° = right-ear-down; -75° = left-ear-down) in pseudo-random order, resulting in a total of 72 trials, recorded in a single session. The direction of arrow rotation (CW vs. CCW) did not significantly affect its final orientation and its variability (*p* \> 0.05, three-way ANOVA). We therefore pooled trials with CW and CCW arrow rotations for further analysis.

Experimental protocol for measuring static ocular counterroll
-------------------------------------------------------------

Subjects were instructed to keep gaze steady upon a laser dot presented at 1.5 m distance straight-ahead in otherwise complete darkness. They were subsequently moved to 75°, 45°, 30°, 20°, and 10° left-ear-down (LED) roll positions and afterward back to upright position, then to 75°, 45°, 30°, 20°, and 10° right-ear-down (RED) roll positions and again back to upright position; every position was held for 30 s.

Experimental protocol for measuring spontaneous vertical ocular drift velocity and its gravity-dependent modulation
-------------------------------------------------------------------------------------------------------------------

For measurements of spontaneous vertical ocular drift subjects were asked to keep their eyes steady on a flashing laser dot (duration: 20 ms, interval: 2 s) projected straight-ahead on a turntable-fixed screen (distance: 0.59 m) in otherwise complete darkness. We used a flashing dot to ensure that visual following mechanisms could not aid fixation of the visual target. For the assessment of the gravity-dependent modulation of DBN, the paradigm of Marti was used (Marti et al., [@B16]).

Data analysis
-------------

### SVV data

Outliers \>3 SDs from the mean were discarded, resulting in the removal of \<0.1% of all trials. In the following, we will use the term "intra-individual variability" whenever we report trial-to-trial SD. If not stated otherwise, statistical analysis was done using ANOVA (Minitab, Minitab Inc., State College). Tukey's correction was used to compensate for multiple comparisons. To assess for correlations between the distinct otolith -- tests, generalized estimated equations (GEE) were used (SPSS 16, SPSS Inc., Chicago). Whenever *t*-tests were considered, Holm's correction for multiple *t*-tests was applied (Holm, [@B9]; Aickin and Gensler, [@B1]).

### Static ocular counterroll

*Static OCR* in the upright and in sustained 75°, 45°, 30°, 20°, and 10° roll positions to either side was analyzed as described elsewhere (Marti et al., [@B17]). For comparison with SVV intra-individual variability, we calculated the *within-trial variability of static OCR* in upright and 75° roll positions over the last 10 s in the respective position on a single trial basis. To determine *spontaneous vertical ocular drift*, we computed the median velocity for sections of 400 ms over a period of 10 s while subjects were fixating the flashing dot. Sections were analyzed interactively and discarded when the slow-phase velocity was inconstant. Such a procedure corresponds to implicit de-saccading (Straumann, [@B23]). To analyze *the gravity-dependence of DBN*, we used the same procedure as described in Marti et al., [@B16] and computed amplitude and offsets based upon sinusoidal fits to the modulation of DBN slow-phase velocity.

Results
=======

Subjective visual vertical
--------------------------

Figure [1](#F1){ref-type="fig"}A illustrates the summary of errors in SVV in cerebellar patients as compared to controls. In healthy controls, the errors in SVV during upright orientation (0.8 ± 2.4°; mean ± SD) were not significantly different from zero. When subjects were reoriented at 75° LED, the errors in SVV significantly deviated from zero (-10.9 ± 9.8°, *p* \< 0.05, *t*-test). Latter is considered to be due to the phenomenon called roll under compensation. During body tilt in the opposition direction, i.e., during 75° RED the errors in SVV were 7.2 ± 10.6°. While this observation pointed toward roll under compensation again; the difference as compared to zero was not significant (*p* = 0.06). Within a given healthy subject (intra-individual) there was a minimal train-to-trial variability in the perception of SVV in upright orientation (1.6 ± 0.7°). However, there was an increase in SVV variability in both 75° LED (5.3 ± 1.2°) and 75° RED (5.2 ± 2.1°; see Figure [1](#F1){ref-type="fig"}B) position in healthy subjects.

![**Average errors (±1 SD) in perceived vertical (A) and average intra-individual SVV variability (±1 SD) (B) are plotted against whole-body roll position both for the cerebellar patients (squares) and the age-matched healthy controls (circles)**. The direction (indicated by the curved arrows) of arrow adjustments (straight arrows: clockwise vs. counter-clockwise), as illustrated below the *x*-axis for all roll positions (upright, 75° left-ear-down or LED, and 75° right-ear-down or RED) tested was pseudo-randomized.](fneur-02-00011-g001){#F1}

In the cerebellar patients, although SVV in upright orientation was accurate (0.1 ± 2.2°), the adjustments deviated significantly from zero (*p* \< 0.005) both at 75° LED (-11.6 ± 8.2°) and 75° RED (13.7 ± 8.0°). Compared to the control group, SVV deviations in the patient group were not significantly larger (*p* \> 0.05, three-way ANOVA) as shown in Figure [1](#F1){ref-type="fig"}A. Intra-individual variability, however, was significantly increased in both 75° LED (5.8 ± 1.2°) and 75° RED (6.1 ± 1.7°) compared to upright (2.3 ± 1.3°). Three-way ANOVA with groups, direction of arrow rotation, and whole-body roll orientation as factors yielded a significant main effect for the groups, indicating larger intra-individual variability for the patients (*p* \< 0.01) as illustrated in Figure [1](#F1){ref-type="fig"}B. Furthermore, a significant (*p* \< 0.001) main effect for whole-body roll orientation was noted. Meanwhile, no significant interactions between the whole-body orientation, direction of arrow rotation, and groups were noted. SVV adjustments were completed in both patients and healthy controls in slightly \>3 s (3.30 ± 0.89 vs. 3.14 ± 0.73 s; patients vs. controls) with the patient group requiring on average about 5% more time than the controls; this difference was small but consistent and reached statistical significance (*p* = 0.03).

These results suggest that patients with chronic vestibulo-cerebellar disease are relatively more uncertain and tend to make more errors in perception of verticality.

Ocular counterroll
------------------

Figure [2](#F2){ref-type="fig"}A depicts changes in static ocular torsion (torsional eye position) in response to head tilt to the sides. Latter response is also called OCR. As expected, static OCR systematically changed with whole-body tilt to the sides (roll tilts to the right or left; Collewijn et al., [@B6]; Bockisch and Haslwanter, [@B5]; Palla et al., [@B20]). No significant differences between left and right eye data at any roll position were noted in both patients and controls (*p* \> 0.05, two-way ANOVA); therefore data from both eyes were pooled for further analysis. Differences between patients and controls in the amplitude of static OCR did not reach statistical significance in any roll position (*p* \> 0.05, three-way ANOVA), as illustrated in Figure [2](#F2){ref-type="fig"}A. Furthermore, comparing LED and RED, absolute static OCR values in both groups were not significantly different (*p* \> 0.05, three-way ANOVA). Differences in the within-trial variability of static OCR between patients and controls in 75° ear-down positions did not reach statistical significance either, as shown in Figure [2](#F2){ref-type="fig"}B.

![**(A)** Means of static torsional eye position (±1 SD) in 75°, 45°, 30°, 20°, and 10° whole-body roll tilt positions to either side (positive values corresponding to right-ear-down positions, i.e., clockwise roll tilts, as seen from the subject) did not differ significantly (*p* \> 0.05) between patients (squares) and age-matched controls (circles). **(B)** Variability of static torsional eye position over time (10 s) in upright and 75° right- (positive values) and left-ear-down (negative values) positions to either side was not significantly different (*p* \> 0.05) between patients (squares) and age-matched controls (circles).](fneur-02-00011-g002){#F2}

Spontaneous vertical ocular drift velocity
------------------------------------------

The values of spontaneous vertical ocular drift in the left versus right eye data did not significantly differ in either patients or controls (*p* \> 0.05, ANOVA); the data from both eyes were therefore pooled. Ten out of twelve patients demonstrated upward spontaneous vertical ocular drift, corresponding to DBN (drift velocity range: 0.27--9.92°/s). Two patients demonstrated subtle downward ocular drift, i.e., upbeat nystagmus (drift velocities: 0.23 and 0.80°/s, respectively). SVD was virtually absent in healthy subjects; the spontaneous vertical ocular drift velocities in the patients (1.92 ± 2.42°/s) were significantly larger than in controls (0.03 ± 0.4°/s; *p* = 0.029, ANOVA). There was a correlation between the amount of spontaneous vertical ocular drift in the patients and their corresponding SVV variability in 75° LED roll-tilted position (*p* = 0.007, GEE), and a trend toward significance for 75° RED (*p* = 0.075, GEE) orientation.

Gravity-dependence of spontaneous vertical ocular drift
-------------------------------------------------------

In the 10 patients, who had cerebellar degeneration due to the cause other than ataxia--telangiectasia (A--T), SVD exhibited the typical pattern of sinusoidal gravity-dependent modulation along the pitch plane: upward ocular drift increased in sustained prone positions and decreased in sustained supine positions as previously reported (Marti et al., [@B16]). The two patients with A--T, however, demonstrated an atypical pattern with non-sinusoidal exceedingly large amplitude modulation of their spontaneous vertical ocular drift. We therefore excluded the two A--T patients from this part of the analysis. ANOVA did not reveal any significant differences between the left and right eye data (*p* \> 0.05) in patients (*n* = 10, five females, mean age 61.7 years, range 46--81 years) and in the adjusted control group (*n* = 8, three females, mean age 66.8, range 59--73 years); therefore data from both eyes were pooled. Both amplitude (ANOVA, *p* = 0.01, reflecting an approximately threefold increase) and offset (ANOVA, *p* \< 0.001) of sinusoids fitted to the gravity-dependent modulation of DBN were significantly increased in patients (amplitude: 3.4 ± 2.6°/s; offset: 2.4 ± 2.0°/s upward drift) compared to controls (amplitude: 1.0 ± 0.6°; offset: 0.1 ± 0.9°/s downward drift).

Discussion
==========

Precise computation of internal estimates of direction of gravity is needed for accurate spatial perception, ocular motor, and postural control and relies on various sensory signals, e.g., vestibular, proprioceptive, and visual inputs. The cerebellum is critically involved in the central processing of vestibular signals. Our results demonstrate that patients with diffuse vestibulo-cerebellar degeneration exhibit increased variability in internal estimates of verticality of modest but significant size with respect to self-orientation both on the perceptual and on the ocular motor levels. However, besides the increased variability of SVV noted, the patients did surprisingly well in these tasks with normal accuracy of SVV, preserved OCR gains reflecting an intact rotational VOR (rVOR) and no increased drift of torsional eye position over time. Our findings underline the robustness of the static otolith-mediated functions.

Mechanisms contributing to impaired internal estimates of vertical in vestibulo-cerebellar degenerative disease
---------------------------------------------------------------------------------------------------------------

The increased SVV variability in the patient group may be best explained by a disturbance in the generation of a central estimate of direction of gravity, and thus the transformation of otolith-input from a head-fixed to a space-fixed reference frame (Angelaki et al., [@B3]; Green et al., [@B8]; Shaikh et al., [@B22]), which is a function of the vestibulo-cerebellum (Zhou et al., [@B34]; Yakusheva et al., [@B32]). The increased variability of vertical eye position in straight-ahead fixation over time adds further evidence to the hypothesis that the cerebellum is crucial in controlling for variability in motor commands as previously shown for the initiation of saccades (Xu-Wilson et al., [@B31]), reaching movements (Werner et al., [@B27]), and limb-coordination (Ilg et al., [@B10]) in patients with various degenerative cerebellar diseases. In analogy, we noted the trial-to-trial variability of SVV to be increased in patients with vestibulo-cerebellar degeneration. We hypothesize that the cerebellum not only is in charge of optimizing motor commands, but also of minimizing variability of internal estimates of direction of vertical based on otolith-input for conscious percept.

Theoretically, visual blurring due to vertical ocular drift may result in a more variable visual feedback of SVV adjustments and explain the patients' impaired ability to perform precise line adjustments. However, no correlation between the amount of spontaneous vertical ocular drift and SVV variability was seen in upright position. Moreover, the patients' ability to hold a certain torsional eye position over a 10-s period of time while roll-tilted was not impaired. Given the unchanged within-trial variability of OCR, we think that the decreased SVV precision in the patients cannot be attributed to less stable visual fixation while setting the SVV. Finally, the increased SVV variability could also be caused by limb ataxia, but only two patients showed mild limb ataxia and variability values observed in these two patients were either close to (EZ) or below (CE) the mean values observed for the patient population; therefore, limb ataxia is unlikely to play a major role in this context.

OCR and SVV accuracy are preserved in vestibulo- cerebellar degenerative disease
--------------------------------------------------------------------------------

The preserved SVV accuracy and static OCR gains in our patients with diffuse vestibulo-cerebellar degeneration reflect an intact static rVOR in slowly progressive cerebellar disease and markedly contrasts to the pattern observed in patients with acute lateralized cerebellar lesions, where the nodulus (Mossman and Halmagyi, [@B18]; Kim et al., [@B11]) and the dentate nucleus (Baier et al., [@B4]) were identified to play a critical role in the transmission and processing of otolith-input. Contraversive SVV tilts and ocular tilt reaction were observed when lesions included the nodulus (Kim et al., [@B11]) and the dentate nucleus (Baier et al., [@B4]). Acute lateralized lesions sparing the nodulus led to isolated ipsilesional SVV tilt with torsional eye position and vertical ocular alignment being intact (Kim et al., [@B11]). One may therefore hypothesize that a clearly asymmetric, focal and acute cerebellar lesion is needed for a directional bias of the internal estimate of vertical. Further support for this assumption comes from a case report from a patient with an acute symmetrical bilateral infarction of the cerebellar nodulus that showed no SVV tilts or signs of ocular tilt reaction (Kim et al., [@B11]). Unfortunately, in this patient the trial-to-trial variability of SVV was not reported.

With regard to the clinical presentation of our patients, it seems reasonable to assume that the degenerative process has involved the nodulus, uvula, and the deep cerebellar nuclei on both sides to a similar extent. Thus, our data supports earlier reports that SVV tilts and ocular tilt reaction in cerebellar disease are suggestive of focal lesions disrupting otolith-input asymmetrically, while at least bilateral lesions of the nodulus seem not to give rise to ocular tilt reaction (Kim et al., [@B11]).

In our patients, static rVOR was preserved, indicated by static OCR values not being significantly impaired both in terms of gain and in terms of torsional gaze holding over time in comparison to age-matched controls. Wong and Sharpe, [@B30] reported asymmetric static OCR gains in patients presenting with skew deviation and chronic focal cerebellar lesions. They hypothesized that these gain changes might be caused by a deficient cerebellar control of vertical vergence (Wong and Sharpe, [@B30]). Bilateral ablation of the vestibulo-cerebellum in cats yielded increases in dynamic OCR gains of approximately 30% (Robinson, [@B21]), however, static OCR gains were not determined. On the other hand, static OCR gains remained intact after ablation of the nodulus and uvula in non-human primates (Walker et al., [@B26]). These results suggest that cerebellar mechanisms involved in the control of static OCR are impaired in focal, asymmetric cerebellar lesions, however, may be preserved in patients with diffuse cerebellar degeneration.

In contrast to preserved static OCR in degenerative cerebellar disease, the tVOR has been found to be severely impaired (Wiest et al., [@B29]; Liao et al., [@B15]). Likely these marked differences are related to the involved neuronal networks in generating either rVOR or tVOR. Whereas the rVOR is driven by a phylogenetically old three-neuron arc, the tVOR relies on structures related to smooth pursuit, which previously has been found to be impaired in cerebellar degeneration (Zee et al., [@B33]).

Furthermore, binocular control of torsional eye position, i.e., cycloversion, in the cerebellar patients was preserved, suggesting no major involvement of the cerebellum in the control of cycloversion under static conditions. However, due to the small number of cerebellar patients where binocular torsional eye movements had been obtained (*n* = 6/12), conclusions on the state of cycloversion in degenerative vestibulo-cerebellar disease have to be made with caution and further investigations in a larger group of cerebellar patients are required to give a more definitive answer to question to which extent the cerebellum is involved in conjugate vertical and torsional eye movements.

Our data confirm that DBN, which is typical for chronic vestibulo-cerebellar disease (Leigh and Zee, [@B14]), shows prominent gravity-dependent modulation along the pitch plane (Marti et al., [@B16]). In the context of the present study, we suggest the overshooting gravity-dependent modulation of DBN can be best explained by deficient input--output coupling of gravitational otolith-input related to control of vertical eye position during low-frequency pitch (Paige and Seidman, [@B19]; Marti et al., [@B16]). Changes in the internal estimate of gravity over time may be crucial in the context of vertical ocular drift. When the orientation of the head changes with gravity, the estimate of the gravity vector would remain consistent since an intact vestibulo-cerebellum had transformed otolith derived, gravito-inertial acceleration to the space-fixed coordinates. As a result, there would be minimal gravitational estimate dependent modulation of spontaneous vertical drift. In patients with vestibulo-cerebellar disease on the other hand, the estimate of the true gravity vector by the brain does not stay consistent, since there is impaired transformation of head-fixed gravito-inertial acceleration (which changes with head orientation) to the space-fixed coordinates. This could explain the increased gravity-dependent modulation of DBN.

Limitations
-----------

The increase in trial-to-trial variability for the SVV task found in the patient group at a single roll angle (±75° ear-down) -- although being statistically significant -- was of small size, prompting interpretation of this finding with caution and demanding further studies with a larger and ideally more homogeneous sample size and additional roll-angles. Furthermore, the patients included clinically all demonstrated typical vestibulo-cerebellar disease, while magnetic resonance (MR) findings varied considerably and no volumetric analyses were performed. Therefore, structure-specific correlations of our findings remain limited. The patients with A--T demonstrated an atypical pattern of gravity-dependent modulation of vertical ocular drift. As we studied only two A--T patients, it remains unclear whether this pattern is generally found in A--T or not. Further studies in a larger number of A--T patients are needed to clarify on this point. Marked cerebellar atrophy -- being most profound in the vermis -- is considered a hallmark sign in A--T (Farina et al., [@B7]). Clinically, the two A--T patients studied fit this picture well; however, imaging was obtained in one only and dates back \>10 years, not reflecting the progressive clinical course since then. Clearly, up-to-date MR-imaging would help correlating the clinical findings with the presumed cerebellar structural changes. However, due to head tremor MR-imaging in A--T is often complicated and of unsatisfactory quality.

Conclusion
==========

Despite these limitations, we see important implications of this study both with regards to a better understanding of self-orientation relative to gravity in degenerative cerebellar disease and to the clinical evaluation of patients with vestibulo-cerebellar disease. Compared to patients with acute unilateral cerebellar lesions, patients with slowly progressive diffuse degenerative vestibulo-cerebellar disease do not present with offsets of their internal estimates of direction of gravity, however, as a surrogate of impaired cerebellar function, their ability to control for variability of motor commands and otolith-based internal estimates is impaired. Considering the relatively intact performance in various paradigms tested here and the slowly progressive nature of the patients underlying cerebellar diseases, central adaptation, and reweighting (Angelaki et al., [@B2]) of multisensory (e.g., vestibular, visual, proprioceptive) input used to obtain internal estimates of direction of gravity may have -- at least partially -- compensated for the deficient vestibulo-cerebellar processing. Our findings propagate an assessment of the SVV in patients with gait ataxia or other clinical signs suggestive for vestibulo-cerebellar disease with a focus on determining the patient's ability to precisely estimate vertical. Measuring SVV is implemented widely and can be even performed at the bedside (Zwergal et al., [@B35]). Therefore the SVV seems a promising tool to monitor disease progression and could also be used as an outcome parameter in treatment.
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